Measurements of major element ratios obtained by the MESSENGER spacecraft using x-ray fluorescence spectra are used to calculate absolute element abundances of lavas at the surface of Mercury. We discuss calculation methods and assumptions that take into account the distribution of major elements between silicate, metal, and sulfide components and the potential occurrence of sulfide minerals under reduced conditions. These first compositional data, which represent large areas of mixed highreflectance volcanic plains and low-reflectance materials and do not include the northern volcanic plains, share common silica-and magnesium-rich characteristics. They are most similar to terrestrial volcanic rocks known as basaltic komatiites. Two compositional groups are distinguished by the presence or absence of a clinopyroxene component. Melting experiments at one atmosphere on the average compositions of each of the two groups constrain the potential mineralogy at Mercury's surface, which should be dominated by orthopyroxene (protoenstatite and orthoenstatite), plagioclase, minor olivine if any, clinopyroxene (augite), and tridymite. The two compositional groups cannot be related to each other by any fractional crystallization process, suggesting differentiated source compositions for the two components and implying multi-stage differentiation and remelting processes for Mercury. Comparison with high-pressure phase equilibria supports partial melting at pressure o10 kbar, in agreement with last equilibration of the melts close to the crust-mantle boundary with two different mantle lithologies (harzburgite and lherzolite). Magma ocean crystallization followed by adiabatic decompression of mantle layers during cumulate overturn and/or convection would have produced adequate conditions to explain surface compositions. The surface of Mercury is not an unmodified quenched crust of primordial bulk planetary composition. Ultramafic lavas from Mercury have high liquidus temperatures (1450-1350 1C) and very low viscosities, in accordance with the eruption style characterized by flooding of pre-existing impact craters by lava and absence of central volcanoes.
Introduction
Images of the surface of Mercury by Mariner 10 (e.g. Strom et al., 1975; Robinson and Lucey, 1997) revealed plains materials whose origin was debated, and not until additional, higher resolution images were acquired by the Mercury Surface, Space Environment, Geochemistry, and Ranging (MESSENGER) spacecraft did it become apparent that surface volcanism was widespread and produced kilometer-thick deposits (Head et al., 2008 . Many pyroclastic deposits have also been identified (Rava and Hapke, 1987; Kerber et al., 2011) . The crater deficiency of Mercury compared to the Moon even suggests that most of its surface has been volcanically resurfaced by intercrater plain emplacement (Fassett et al., 2011 (Fassett et al., , 2012 . Therefore, a substantial portion of the crust did certainly originate volcanically (Denevi et al., 2009 ). However, there are also some areas of Mercury that are heavily cratered and these might represent ancient surfaces, so that local preservation of a pristine upper crust cannot be completely ruled out. Surface rocks may thus represent a primary crust, possibly crystallized from a magma ocean (Brown and ElkinsTanton, 2009 ), impact melts of superficial crustal materials, or products of partial melting of the planet's interior. Composition and origin of surface rocks thus provide a direct record of early planetary differentiation, crust and mantle formation, and evolution of these chemical reservoirs through time.
The first measurements of surface elemental abundance ratios by MESSENGER's X-Ray Spectrometer (XRS; Nittler et al., 2011) and the Gamma-Ray Spectrometer (GRS; Peplowski et al., 2011) produced surprises based on expectations and understanding of Mercury prior to the satellite's arrival. Some volatile elements (K and S) are not depleted and the low FeO content of the surface points to highly reduced conditions (Wadhwa, 2008; Zolotov, 2011; McCubbin et al., 2012) . This suggests that chondritic materials are probably the building blocks of the planet, possibly either enstatite chondrite or bencubbinite (Wasson, 1988; Taylor and Scott, 2003; Malavergne et al., 2010) .
In this study, XRS elemental ratios presented by Nittler et al. (2011) are used to calculate absolute abundances of major elements for surface materials. Data treated in this study do not include the northern volcanic plains described by Head et al. (2011) . The ten XRS measurements discussed here have been acquired at high altitudes and thus cover large areas averaging the composition of various units (Fig. 1a) , essentially a mixture of high-reflectance plains and a lowreflectance material (Head et al., 2008; Denevi et al., 2009 ). We discuss calculation methods and assumptions to take into account the speciation of major elements under reduced conditions relevant for Mercury. We evaluate the partitioning of major elements between silicate, metallic and sulfide melts and the nature and abundance of sulfide minerals at the surface of the planet. Calculated compositions are compared to terrestrial ultramafic compositions and the appropriate nomenclature for lavas on Mercury is presented. Two compositional groups have been identified and one-atmosphere melting experiments are presented for each average composition to constrain their emplacement temperature, crystallization paths and the potential mineralogy at the surface of Mercury. We also explore the physical properties of magmas on Mercury and discuss the implications of these compositional groups for the differentiation and melting processes on Mercury.
Surface compositions: calculations and assumptions
XRS measurements acquired during solar flares by MESSEN-GER allow detection of fluorescent signals of elements with atomic numbers up to that of Fe. The X-ray spectrum corresponds to the very surface with a maximum sampling depth of 100 mm.
Elemental ratios for Mg/Si, Al/Si, S/Si, Ca/Si, Ti/Si and Fe/Si have been determined because ratios are largely independent of the measurement geometry and the total composition (Schlemm et al., 2007; Nittler et al., 2011) .
Calculation of the absolute abundances from element ratios requires some assumptions. In silicate materials, major elements are usually considered to occur as oxides. However, under the reducing conditions that prevail on Mercury, estimated to be between 2.6 and 6.5 log units below the iron-wüstite buffer (Malavergne et al., 2010; Zolotov, 2011; McCubbin et al., 2012) , iron occurs mainly as a metal phase or as a sulfide. Low-and high-pressure partial melting experiments at low fO 2 on the Indarch enstatite chondrite (McCoy et al., 1999; Berthet et al., 2009 ), a potential building block of Mercury (Wasson, 1988; Brown and Elkins-Tanton, 2009 ), have shown that immiscible metallic and sulfide melts are in equilibrium with the silicate melt. These iron and sulfide immiscible melts contain significant amounts of Si, Ca and Mg, showing that lithophile elements behave partly as siderophile and chalcophile elements under reducing conditions. The speciation of each element should thus be carefully evaluated before performing detailed interpretation of silicate melt compositions for Mercury.
Calculations on an oxide basis
The silicate part of the surface material of Mercury mainly contains the elements Si, Ti, Al, Fe, Mg, Ca and O. Consequently, element ratios relative to Si measured for these elements can be converted to oxides weight percent with a single possible solution when the total is normalized to 100% and oxygen is assumed to be the only anion. Alkalis (Na and K), manganese and phosphorous are first considered as minor elements in these MgO-rich compositions (see later for the potential effect of sodium). For example, MESSENGER's gamma-ray spectrometer measured an average of 0.2870.05 wt% K 2 O in surface materials (Peplowski et al., 2011) . This initial estimate considers only the silicate component of the XRS measurements. The effects of partitioning of Si, Fe, Ca and Mg between a silicate and immiscible metallic and sulfide melts are then considered and discussed.
Calculated compositions have low iron and titanium contents, from 0.6 to 4.9 wt% FeO and 0.3-1.3 wt% TiO 2 (Table 1) . The low iron content confirms previous interpretations based on multispectral images (Blewett et al., 1997; McClintock et al., 2008) but the low titanium contents do not support a significant contribution by Ti-oxides in producing low-reflectance materials (Denevi et al., 2009; Riner et al., 2009 Riner et al., , 2010 Riner et al., , 2011 Sprague et al., 2009; Lawrence et al., 2010) . The SiO 2 content is high and ranges from 52 to 60 wt%. Two compositional groups are distinguishable, mainly based on their calcium and aluminum contents (Fig. 1b) . Group 1 (G1) has low Al 2 O 3 (ca. 8 wt%), high CaO (10 wt%) and high . Group 2 (G2) contains more Al 2 O 3 (12-14 wt%), and less CaO (6-8 wt%) and lower . Average compositions have been calculated for these two groups using XRS data that also include measurements for Ti/Si and Fe/Si ratios (Table 1) . Table 1 . Light grey corresponds to the region for average composition G1 (data 4 and 5), dark grey is for average composition G2 (data 6, 7, 8 and 10) . (b) Ternary diagram with Mg/Si, Ca/Si and Al/Si mass ratios. Black circles are data used to calculate average compositions (stars) for Group 1 (G1) and Group 2 (G2). White circles are data for which Fe/Si and Ti/Si were not acquired (data 1, 3, 9 and 11 of Table 1 ).
The normative mineralogy recalculated from XRS measurements converted to wt% of oxides (Table 1) predicts that Group 1 consists essentially of orthopyroxene (50 wt%), clinopyroxene (22 wt%), plagioclase (23 wt%) and minor olivine (4 wt%). Group 2 contains orthopyroxene (53 wt%), plagioclase (34 wt%) and quartz (11 wt%). The minor corundum component in this group can be accounted for by the incorporation of Al 2 O 3 in orthopyroxene. Using an oxide basis for all elements, these two compositional groups are thus separated by the quartz saturation plane (i.e. olivine-bearing versus quartz-bearing compositions), and Group 2 is notably devoid of clinopyroxene.
The roles of sulfur and iron metal
Ratios of S/Si are high, which points to significant amounts of sulfur at the surface of Mercury (Nittler et al., 2011) . Calculated S abundances range from 1.4 to 3.7 wt% S ( Table 1 ). The sulfur content of surface compositions shows a clear correlation with calcium and aluminum ( Fig. 2a-b) . Correlation between sulfur and magnesium is not obvious although, on average, Mg-rich compositions have a higher S content (Fig. 2c) . The link between Ca, Mg and S suggests the potential occurrence of oldhamite (CaS) and niningerite (MgS) or a solid solution between these two end-members ((Ca,Mg)S), common phases in enstatite chondrites (e.g. Keil, 1968; Larimer and Ganapathy, 1987) . The correlation between Ca and S has been further corroborated by more recent data (Weider et al., 2012) .
Rocks at the surface of Mercury are mostly lavas in which sulfides could occur as multicomponent immiscible sulfide melt blebs. Element partitioning between silicate-metal-sulfide immiscible melts is strongly dependent on equilibrium conditions, particularly pressure, temperature and oxygen fugacity. The lithophile, siderophile and chalcophile behavior of elements et al., 1999) . Another phosphorous-bearing metal melt is present and contains a maximum of 3 wt% Si at 1450 1C. The immiscible sulfide melt in these experiments is dominated by Fe (26-38 wt% Fe) and S (37-42 wt% S), and contains up to 12 wt% Ca and 12 wt% Mg. These data allow us to infer the actual silicate melt composition by taking into account the partitioning of major elements between immiscible silicate, metal and sulfide melts in the bulk composition measured by XRS (Nittler et al., 2011) . We use the most conservative approach with high concentrations of lithophile elements in the sulfide and metal melts (sulfide melt with 40 wt% S, 30 wt% Fe, 15 wt% Ca and 15 wt% Mg; metal melt with 90 wt% Fe and 10 wt% Si). We first assign S completely to the sulfide melt; Fe is then attributed to the sulfide melt and any remaining Fe is attributed to metal melt. Iron in the high bulk S/Fe compositions 4 and 5 of Nittler et al. (2011) (see Table 1 ) is completely partitioned into the sulfide melt. Iron metal is thus absent. The excess S is then attributed to a sulfide phase with the composition (Ca 0.5 Mg 0.5 )S. Results for these calculations are presented in Table 1 .
The recalculated compositions for the silicate melt are only slightly different from those calculated on an oxide basis (Fig. 3) . SiO 2 and Al 2 O 3 are slightly higher; MgO and CaO are slightly lower, particularly in S-rich samples (Group 1). Calculations show that normative olivine is now absent from all compositions. The gap between the two compositional groups is slightly reduced, but large differences remain. Normative calculations (Table 1) suggest that clinopyroxene is still relatively abundant in Group 1 (15 wt%) and absent from Group 2. Both groups have normative quartz, which is more abundant in Group 2 (17 versus 5 wt% on average). The hypersthene/plagioclase ratio is higher in Group 1 (2.3 versus 1.4). The presence of immiscible iron metal instead of FeO dissolved in the silicate melt would not have any effect on the discrimination between two compositional groups.
The occurrence of pure oldhamite (CaS) at the surface would explain the composition gap for CaO between the two groups. The vector showing the effect of CaS removal from bulk surface compositions is displayed in Fig. 2 . However, removal of this mineral from the high-Ca, high-S group does not account for the gap in Al/Si, or for the higher average Mg/Si of compositions from Group 1. Subtraction of (Ca 0.5 Mg 0.5 )S would better relate the two groups for the Mg content, but the trend for Ca deviates and the gap for Al is still not explained. Consequently, the presence of a clinopyroxene component still distinguishes the two groups. Moreover, at reducing conditions, S also combines with Cr and Mn (McCoy et al., 1999) , two elements that might have been identified on spectra acquired during intense solar flares (Nittler, pers. com.) . Our calculations to correct the effect of sulfides on Ca and Mg concentrations in the silicate melt are thus probably the most conservative. Evans et al. (2012) have reported a first average abundance estimate of ca. 2.9 wt% Na (3.9 wt% Na 2 O) on Mercury's surface. This presence of Na in lavas from Mercury would produce albite component, which is Si-enriched compared to anorthite. Consequently, the silica component of the non-albite fraction would be lower and the compositions would contain more olivine. However, Na does not have any effect on the compositional dichotomy. The main implication is that plagioclase would be more albitic and more abundant, and the olivine/orthopyroxene ratio would be higher. Spatially-resolved data for Na are needed to make progress on this issue.
The role of sodium

Nomenclature for lavas on Mercury
Lavas at the surface of Mercury are characterized by high MgO. This suggests a similarity to the high-temperature ultramafic komatiites emplaced on Earth, mainly during the Proterozoic and Archean (Arndt and Nisbet, 1982; de Wit and Ashwal, 1997; Grove and Parman, 2004) . Komatiites are defined as lavas with o52 wt% SiO 2 , 418 wt% MgO and o1 wt% TiO 2 , and contain spinifex olivine textures (Le Bas, 2000) . Komatiites are commonly associated with basaltic komatiites, a term introduced by Viljoen and Viljoen (1969) for rocks with lower MgO and higher SiO 2 contents. These lavas are nevertheless more refractory (more MgO-rich) compared to boninites, defined as containing 452 wt% SiO 2 and 48 wt% MgO (Le Bas, 2000) . On Earth, high MgO ultramafic lavas also contain a significant amount of iron, usually 9-13 wt% FeO tot in komatiites and basaltic komatiites, and 7-10 wt% FeO tot in boninites.
The compositions of lavas from Mercury display MgO contents in the range of komatiites (17-28 wt% MgO; Fig. 3a) . However, they contain much lower iron so that FeO tot þMgO is close to that of basaltic komatiites and boninites (Fig. 3b) . Silica is also distinctively higher in the Mercury ultramafic rocks compared to komatiites, and encompasses the range of basaltic komatiites and even higher (Fig. 3c) . The rocks at the surface of Mercury which have been measured by XRS (Nittler et al., 2011) are probably closest in composition to basaltic komatiites and should be referred to as such.
Experiments: goals and methods
Low-pressure melting experiments have been conducted on average compositions for Groups 1 and 2 estimated using the recalculated oxide basis. The objectives of these experiments are to determine liquidus temperatures, identify the location and cotectic/peritectic character of the olivine/low-Ca pyroxene boundary curve (i.e. the limit between the stability fields of the two phases) and recognize the details of low-Ca pyroxene phase relations (protoenstatite, orthoenstatite and pigeonite). Experiments were conducted along the quartz-fayalite-magnetite buffer, so that iron is mainly present as FeO in the silicate melt. Comparing these data with phase equilibria in the CaO-MgO-Al 2 O 3 -SiO 2 (CMAS) simplified system (Andersen, 1915; Osborn and Tait, 1952; Kushiro, 1972; Presnall et al., 1978 Presnall et al., , 1979 Longhi and Boudreau, 1980; Sen and Presnall, 1984; Liu and Presnall, 1990 ) allows us to constrain the phase relations for the entire plausible range of Mg-number of lavas that might be present on the surface of Mercury. At the high Mg-numbers represented in the Mercury and CMAS compositions, the low-Ca pyroxene stability fields along the olivine liquidus surface are protoenstatite, followed by orthoenstatite and then pigeonite (Longhi and Pan, 1988) .
Starting compositions were prepared by mixing high-purity oxides and silicates. We used SiO 2 , TiO 2 , Al 2 O 3 , MgO, and CaSiO 3 in the appropriate proportions. Iron was added as Fe 2 O 3 and Fe metal sponge in stoichiometric proportions to produce FeO. The reagents were mixed under ethanol in an agate mortar for 5 h. The Fe sponge was then added to the mixture and ground for an additional 1 h. The mixtures were then conditioned at one atmosphere pressure in a DelTech vertical gas-mixing furnace for 48 h at an oxygen fugacity corresponding to the QFM buffer at 1100 1C.
Experiments at one atmosphere were performed at MIT in vertical-tube DelTech quenching furnaces, with a CO 2 -H 2 gas atmosphere. The oxygen fugacity was monitored using a ZrO 2 -CaO oxygen cell and was kept near the QFM buffer. The sample material for these experiments consisted of ca. 50 mg of the oxide mixture mixed with polyvinyl alcohol as a binder. The pellet was prepared onto an iron-platinum alloy loop, which had been previously annealed with 4-5 wt% Fe to prevent Fe loss to the alloy during the experiment (Grove, 1981) . The sample temperature was measured using a Pt-Pt 90 Rh 10 thermocouple calibrated to the melting points of NaCl, Au, and Pd. The thermocouple was placed in the hotspot of the furnace, where the thermal gradient is o1 1C/cm. The sample was suspended alongside the thermocouple, so they were at the same level within the furnace. The temperature reproducibility of this arrangement is better than 5 1C. Isothermal experiments were performed. The sample was held in the hotspot of the furnace and the temperature was increased to the target, equilibrating for 5-90h. All samples were drop-quenched into water.
Compositions of the minerals and glasses were analyzed using wavelength dispersive spectrometry on the 5-spectrometer JEOL 8200 electron microprobe at MIT. Natural and synthetic primary and secondary standards were used, and the CITZAF online data correction package was used for all analyses (Armstrong, 1995) . Mineral analyses were performed with a 15 kV accelerating voltage and a beam current of 10 nA, utilizing a focused beam spot. Glass compositions were measured using a 10 mm defocused beam, 10 nA beam current, and 15 kV accelerating voltage.
Experimental results
The phase relations and run conditions for starting compositions G1 and G2 are reported in Supplementary Table 1. Composition G1 crystallizes olivine as the liquidus mineral at 1440 1C. It is followed by protoenstatite at 1322 1C, easily identified because it inverts to clinoenstatite upon quenching and develops cracks ( Fig. 4 ; Smith, 1969) . This phenomenon is also observed in natural rocks, e.g. in boninites and chondrites (Yasuda et al., 1983) . Orthoenstatite, free of cracks and slightly more CaO-rich compared to protoenstatite (2.0-3.0 versus 0.7-0.8 wt% CaO), starts crystallizing at 1300 1C. Augite appears at 1250 1C. Plagioclase has been observed at 1200 1C but the composition of the melt in this experiment close to the solidus could not be measured. Composition G2 is slightly quartz normative and is located in the protoenstatite stability field which crystallizes as the liquidus phase at 1350 1C. Orthoenstatite follows at 1224 1C and plagioclase and quartz appear together on the liquidus at 1200 1C. Composition G2 does not crystallize clinopyroxene. The pigeonite stability field has not been encountered in our experiments (Longhi and Boudreau, 1980) . Olivine produced from composition G1 contains 1.1-1.9 wt% FeO (Fo 98-99 ). Protoenstatite contains 0.8-1.0 wt% FeO in experiments G1, and 2.0-4.1 wt% FeO in experiments G2.
The compositional evolution of parent melts (compositions G1 and G2) with temperature is illustrated in Fig. 5 . In the investigated range of temperatures, the fraction of residual liquid in the experiments is broadly higher than 40-50%. Liquids we produced thus correspond to the first stages of crystallization under equilibrium conditions. The variation of SiO 2 content with crystallization is low, certainly below the resolution that could be achieved by XRS measurements at the surface of Mercury. MgO decreases continuously with differentiation, approximately by a factor 2-3 in a 200 1C crystallization interval. Al 2 O 3 and CaO increase with decreasing temperature, as both elements are moderately incompatible in early crystallizing phases (olivine and low-Ca pyroxenes). The concentration of these two elements starts decreasing in composition G2 when plagioclase becomes a stable crystallizing phase, probably slightly before 1200 1C.
Under the reducing conditions of Mercury, it is probable that liquidus temperatures might be slightly different, mainly because of the absence of Fe 2 þ in the melt. However, Gudfinnsson and Presnall (2000) have shown experimentally that isobarically, for every 1 wt% increase in the FeO content of the melt in equilibrium with the lherzolite phase assemblage, the equilibrium temperature is lower by about 3-5 1C. Consequently, because the compositions G1 and G2 have respectively 1.4 and 3.4 wt% FeO, the effect of this element on the liquidus temperature is minor.
Discussion
Low-pressure differentiation of Mercury lavas
The experimentally produced liquids at 1-atm are projected into the Olivine-Clinopyroxene-Quartz, Olivine-Clinopyroxene-Anorthite 30 µm Fig. 4 . Back-scattered electron images of products from experiment G1-5 (1300 1C). gl quenched glass; ol olivine; oen orthoenstatite; pr protoenstatite. and Olivine-Anorthite-Quartz sub-projections of the Olivine-Clinopyroxene-Anorthite-Quartz pseudo-quaternary system (Fig. 6 ). These sub-projections clearly show the different crystallization paths followed by the two surface composition groups. The presence of a clinopyroxene component in Group 1 and its absence in Group 2 are responsible for contrasting evolution with differentiation. During cooling, G1 will ultimately crystallize clinopyroxene while G2 will not. Consequently, the two compositional groups cannot be related to each other by any differentiation process due to cooling and crystallization at low pressure. This conclusion is also valid if crystallization under high-pressure occurred. Indeed, because G1 has a higher liquidus temperature than G2, the only way to relate both compositions by fractional crystallization is to subtract clinopyroxene from G1 as the sole phase. Even if the stability field of clinopyroxene expands with pressure, the experimental study of Weng and Presnall (2001) in the system Diopside-Forsterite-Enstatite clearly shows that early crystallization of clinopyroxene as the first liquidus phase is impossible for composition G1 under any P-T conditions relevant for Mercury. This suggests that these lavas are derived from different source materials, supporting the notion that the silicate portion of Mercury is differentiated. The crystallization paths of compositions calculated on an oxide basis and those corrected for the presence of metal and sulfide melts, and sulfides minerals are not drastically different. The major difference is observed for G1. While G1 calculated on an oxide basis crystallizes a significant amount of olivine before reaching the saturation with protoenstatite (ca. 18 wt%; Supplementary Table 1), the corrected G1 composition is much closer to the olivineprotoenstatite peritectic and will crystallize small amounts of olivine if any. Neither G2 composition crystallizes olivine at all. We can conclude from this that, compared to ultramafic compositions on Earth, lavas on Mercury crystallize much less olivine and are dominated by the early crystallization of pyroxenes (protoenstatite and orthoenstatite).
XRS measurements cover large areas because they have been acquired at high altitudes (Fig. 1a) . Here, we discuss crystallization paths for average compositions and do not consider individual measurements, or analytical uncertainties reported by Nittler et al. (2011) . This assumption is justified by the small size of the compositional variations within groups G1 and G2. Even if some small compositional scattering in group G2 might be responsible for a range of liquidus temperatures and for variable proportions of solid phases at the solidus, the nature of solid phases and their order of crystallization will be the same in the group.
The presence of Na in ultramafic lavas would have some implications for low-pressure phase equilibria. First, this element reduces the liquidus temperature. The high average amount of Na (3.9 wt% Na 2 O) reported by Evans et al. (2012) would also produce significantly different calculated mineral component. As illustrated in Fig. 6 for corrected average compositions G1 and G2, Na-bearing compositions have lower Quartz component and higher Plagioclase and Olivine components. G1 and G2 compositions would thus crystallize higher amount of olivine and plagioclase.
Comparison with high-pressure phase equilibria
The G1 and G2 compositions are compared to the saturation boundaries determined in this study and in the CMAS system (Presnall et al., 1979; Sen and Presnall, 1984; Liu and Presnall, 1990) at elevated pressure (Fig. 7) . The small amount of Fe in the Mercury compositions does not have much effect on the location of the phase boundaries in these projections, and allows us to compare our low-pressure data to the published high pressure phase relations. The G1 composition calculated on an oxide basis lies on the olivine-low-Ca pyroxene (proto-or ortho-enstatite) boundary curve at ca. 10 kbar and the G1 composition corrected for metal and sulfide lies on the 1-atm olivine-protoenstatite peritectic (Fig. 7a) . The significance of the proximity of this composition to these saturation boundaries is that G1 could represent lavas produced by partial melting of an olivine-low-Ca Dashed grey liquidus boundaries are from data in ternary systems involving forsterite, diopside, silica and anorthosite compiled from Andersen (1915) , Osborn and Tait (1952) , Kushiro (1972) and Longhi and Boudreau (1980) . Filled symbols are data calculated on an oxide basis; white symbols are data corrected for the distribution of major elements between silicate, metal and sulfide melts. G1Na and G2Na are corrected compositions with 3.9 wt% Na 2 O. Normalization into components in oxygen units after Grove (1993). pyroxene-clinopyroxene-anorthite bearing source region at low pressure ( o10 kbar). Alternatively, the G1 composition could be a residual liquid produced by shallow crystallization processes at low pressure ( o10 kbar). The parental melt could have been generated by melting at higher pressures and/or by higher extents of melting and would be enriched in olivine component and more komatiitic compared to G1.
The G2 composition calculated on an oxide basis and the G2 composition corrected for metal and sulfide need to be examined in a different pseudo-ternary system, because they do not contain clinopyroxene. When these two compositions are plotted in the Olivine-Anorthite-Quartz pseudo-ternary (Fig. 7b) , both lie in the 1-atm protoenstatite liquidus volume near the olivineprotoenstatite peritectic. The significance of this composition and its relation to these low-pressure boundaries is that G2 could represent a partial melt of an orthopyroxene-plagioclase-quartzbearing source region. In this situation the source region would be dominantly orthopyroxene-bearing and the degree of melting would have to be high. The depth conditions for this melting process are difficult to constrain because of the high orthopyroxene content of the melt, but low pressures ( o10 kbar) cannot be ruled out. Alternatively, the G2 composition could be a residual liquid produced by shallow crystallization processes at low pressures ( o10 kbar) of a liquid derived from an olivine-lowCa pyroxene-anorthite bearing source. These phase equilibrium constraints will be used to discuss models for the origin of the two crustal compositional types. Note that if significant amounts of Na were present on Mercury, both G1 and G2 compositions would become more olivine normative. Producing these ultramafic lavas would then require partial melting of deeper sources.
Physical properties of lavas and eruption style on Mercury
Chemical and thermal characteristics of lavas at the surface of Mercury have direct implications for the dynamics of eruption and lava flows. While some pyroclastic deposits have been emplaced during explosive eruption due to decompression and expansion of volatiles (Kerber et al., 2011) , most eruptions have formed plains with broad, thick flow fronts . Calculations of viscosities (Giordano et al., 2008) for surface lavas at the liquidus temperature, 1450 1C for Group 1 and 1380 1C for Group 2, range from 0.8 to 13.5 Pa s which is at the lower limit of any silicate melt measured (Table 1) . This property is an important characteristic of these lava compositions and is consistent with the low viscosity emplacement styles observed on Mercury, fast and voluminous flooding of magma at the surface of the planet and absence of large volcanoes .
Compositional variation and terrains on Mercury
The surface of Mercury has low Al/Si and Ca/Si ratios and thus does not contain a plagioclase-rich crust similar to anorthositic highlands on the Moon (Nittler et al., 2011) . The silica content is higher than any 'basaltic' compositions on the Moon and Mars (Fig. 8) . This is consistent with the high SiO 2 contents that have been proposed for potential compositions of the bulk silicate fraction of Mercury (Supplementary Table 2 ). However, the surface data reported by Nittler et al. (2011) do not correspond to any bulk planetary silicate compositions. This supports the idea that the silicate portion of Mercury has been differentiated.
Various geological terrains have been identified based on color variations related to compositional heterogeneities correlated with morphological features Robinson et al., 2008; Denevi et al., 2009) . Intercrater plains have high abundances of primary and secondary craters and are interpreted to be emplaced during the Late Heavy Bombardment. Smooth plains are less cratered and have sharp morphological boundaries (Head et al., 2008) . Such a large continuous flood occurs at high northern latitudes and covers ca. 6% of the planet and this is most likely a young volcanic deposit. Similar high-reflectance material is recognized elsewhere on the planet within craters and basins, particularly associated with the Caloris basin (Denevi et al., 2009 ). These areas have ages near the end of the Late Heavy Bombardment (3.7-3.8 Ga; Head et al., 2011) and may have a volcanic origin, while some might represent impact melts and/or basin ejecta (Denevi et al., 2009) . Recent volcanism, possibly as young as 1 Ga, has been identified near the Rachmaninoff basin, suggesting prolonged duration of volcanic activity on Mercury (Prockter et al., 2010) . Finally, low-reflectance material covers more than 15% of the planet and may represent a lower crustal component (Robinson et al., 2008; Denevi et al., 2009) . It has diffuse limits with surrounding materials and is usually exhibited in large craters and basins, suggesting a deeper origin. (a) Projection from anorthite onto plane olivine, clinopyroxene and quartz. Highpressure boundary curves are from Presnall et al. (1979) . (b) Projection from clinopyroxene onto plane olivine, anorthite and quartz. High-pressure boundary curves are from Sen and Presnall (1984) and Liu and Presnall (1990) . Dashed grey low-pressure liquidus boundaries are from data in ternary systems involving forsterite, diopside, silica and anorthosite compiled from Andersen (1915) , Osborn and Tait (1952) , Kushiro (1972) and Longhi and Boudreau (1980) . Filled symbols are data calculated on an oxide basis; white symbols are data corrected for the distribution of major elements between silicate, metal and sulfide melts. G1Na and G2Na are corrected compositions with 3.9 wt% Na 2 O. The saturation boundaries at 1 atm in the high Mg-number Mercury bulk compositions coincide with those of CMAS allowing a meaningful comparison with the CMAS data in these projection schemes. Normalization into components in oxygen units after Grove (1993) .
Data discussed in this study essentially cover mixed areas of high-reflectance plains and a low-reflectance material (Head et al., 2008; Denevi et al., 2009) . Identifying the relative contribution of each terrain is currently not possible, but higher spatial resolution measurements will help understanding the origin of the two compositional groups. With the compositional data discussed in this study, there are some fundamental principles that must hold if partial melting of a planetary interior and/or differentiation of a silicate magma ocean led to the observed chemical differences in these compositional types. These constraints on melting/crystallization are used to discuss models for the origin of Mercury presented in the following section.
New data published by Weider et al. (2012) expand the database of Nittler et al. (2011) . Interestingly, Weider et al. (2012) still identify two clusters of data points for the older terrain (excluding the Northern plains). The dataset also extends to compositions with higher Mg/Si up to 0.8 compared to 0.6 in Nittler et al. (2011) . These compositions would be closer to komatiites with 33 wt% MgO, 51 wt% SiO 2 , 4-6 wt% Al 2 O 3 and 6-8 wt% CaO. Our G2 composition is also close to data for the Northern plains although it has slightly higher Mg/Si (0.44 for G2 compared to 0.34 on average for the Northern plains).
Origin of compositional variations of surface terrains on Mercury
The compositional information from these initial measurements can be used to evaluate several models for planetary accretion and differentiation of Mercury. The compositions of the Mercurian crust are plotted in Fig. 8 Near fractional melting is one magmatic process that could allow the two compositions G1 and G2 to be related. An olivine-low-Ca pyroxene-clinopyroxene-anorthite source mantle must be subjected to fractional melting where the melt was extracted from the solid residue as it was produced until all the clinopyroxene was exhausted. Melting then ceases and starts again only when the temperature has increased to the higher temperature of the olivine-low-Ca pyroxeneanorthite saturation boundary in the clinopyroxene-free sub-system (e.g. Yoder, 1976, pp. 107-109) . However, such a process is not consistent with liquidus temperature for the G1 and G2 compositions. For such a fractional melting process to work, G1 should have a lower liquidus temperature than that of the higher extent melt (G2). The liquidus of the G2 clinopyroxene-free composition is lower (1360 1C) than that of G1 (1455 1C). Therefore, a multi-stage fractional melting of a progressively depleted source mantle cannot explain the difference between the two compositions.
The production of the contrasting compositions G1 and G2 requires o10 kbar partial melting of two different sources: a lherzolite for G1 and a harzburgite for G2. A process that might lead to the observed compositional dichotomy is the two-stage magma ocean solidification process that has been proposed for Mercury by Brown and Elkins-Tanton (2009) . In this model a global magma ocean is produced by the energy of accretion and core formation. Solidification of this magma ocean proceeds in two major phases. The first stage is magma ocean crystallization from the coremantle boundary to the surface of the planet (Solomatov, 2000) . As crystals grow from the cooling magma, they preferentially incorporate Mg over Fe and sink to the bottom. This causes the residual melt to become iron-enriched and later-forming crystals become progressively enriched in Fe. This leads to a layered structure of the mantle and to density instability of the cumulate pile (e.g. Hess and Parmentier, 1995; Elkins-Tanton et al., 2003) . The cumulate sequence then overturns just after magma ocean solidification ends in order to achieve a stable configuration. However, the low FeO magma ocean of Mercury might not have overturned because of the slightness of the density gradient within the cumulate pile (Brown and Elkins-Tanton, 2009; Riner et al., 2010) . But, even without density instability, the thin (300-400 km) mantle of Mercury (Smith et al., 2012) will, for a range of structures, convect for much of (Fan) , lunar magnesian-suite (MgSuite), lunar mare basalts (MB; data compiled in Papike et al., 1998) , lunar ultramafic glasses (UM; Delano, 1986) , surface basalts from Mars (Mars), shergottites (Sherg; data compiled by Filiberto and Dasgupta, 2011) and potential compositions of the bulk silicate fraction of Mercury (numbers refer to Supplementary Table 2 ). Filled symbols are data calculated on an oxide basis; white symbols are data corrected for the distribution of major elements between silicate, metal and sulfide melts.
Mercury's history. Melt production can thus persist for periods ranging from 1 Ga and longer (Michel et al., 2012) . During this process, lower density cumulates formed at the bottom of the pile rise buoyantly and undergo adiabatic decompression melting, producing partial melting of cumulates from the interior. Furthermore, if a flotation crust of less dense minerals has not formed during magma ocean solidification, the oldest crust of the planet would consist of the last dregs of the compositionally evolved magma ocean residual melts that solidified at the surface.
The final solidified crust and a remelt of early cumulates might explain the dichotomy between compositions G1 and G2. Most crystallization models presented by Brown and Elkins-Tanton (2009) for the crystallization of the mercurian magma ocean produce early cumulates that consist of olivineþlow-Ca pyroxene. In the second stage during overturn, these less dense cumulates rise to shallow depth in Mercury (150 km depth to the surface) and undergo partial melting. The G2 composition could be a melt that was produced by this process, potentially followed by a small amount of fractional crystallization before eruption that allowed the composition to move off the olivineprotoenstatite peritectic and crystallize protoenstatite. The G1 composition would then represent a partial melt of solidified lherzolitic magma ocean cumulates.
Conclusions
This study is a first attempt to explore the significance of the major element compositional dichotomy observed in lavas from the surface of Mercury. Much more data will be made available in the near future by MESSENGER during its extended mission and, in coming years, by the BepiColombo mission (Rothery et al., 2010) . Measurements on more specific areas should facilitate a better understanding of the relationships between surface composition and the different lithologies and geological terrains. More data will also assist in the identification of the speciation and distribution of sulfide. For example, the correlation between sulfide and calcium (Nittler et al., 2011; Weider et al., 2012 ) needs more detailed study.
In this contribution, we have identified the crystallization sequence of lavas of Mercury. The potential mineralogy of lavas at the surface is dominated by low-Ca pyroxenes (protoenstatite and orthoenstatite), plagioclase, trydimite, high-Ca pyroxene (augite) in some area and minor olivine if any. Two compositional groups have been discriminated and cannot be related by crystallization processes. While additional observations may result in a broadened compositional range, the primary conclusion here indicating unrelated origins should remain robust. This diversity suggests the existence of different sources, implying differentiation of the silicate portion of Mercury. Magma ocean crystallization forming a layered structure of the mantle followed by overturn/convection would produce adequate conditions to favor adabiatic decompression and partial melting of different mantle source, responsible for the compositional dichotomy at the surface of Mercury.
